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Abstract 

With  the  advancement  of  age,  skeletal  muscle  undergoes  a  progressive  decline  in  mass,  function, 
and  regenerative  capacity.  Previously,  our  laboratory  has  reported  an  age -reduction  in  recovery 
and  local  induction  of  IGF-I  gene  expression  with  age  following  tourniquet  (TK)-induced  skeletal 
muscle  ischemia/reperfusion  (I/R).  In  this  study,  young  (6  mo)  and  old  (24-28  mo)  mice  were 
subjected  to  2  hours  of  TK-induced  ischemia  of  the  hindlimb  followed  by  1,  3,  5,  or  7  days  of 
reperfusion.  Real  time-PCR  analysis  revealed  clear  age-related  reductions  and  temporal  alterations 
in  the  expression  of  IGF-I  and  individual  IGF-I  Ea  and  Eb  splice  variants.  ELISA  verified  a 
reduction  of  IGF-I  peptide  with  age  following  7  days  recovery  from  TK.  Western  blotting  showed 
that  the  phosphorylation  of  Akt,  mTOR,  and  Fox03,  all  indicators  of  anabolic  activity,  were 
reduced  in  the  muscles  of  old  mice.  These  data  indicate  an  age-related  impairment  of  IGF-I 
expression  and  intracellular  signaling  does  exist  following  injury,  and  potentially  has  a  role  in  the 
impaired  recovery  of  skeletal  muscle  with  age. 
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INTRODUCTION 

Sarcopenia  is  the  progressive  decline  in  skeletal  muscle  mass  and  function  with  advanced 
aging  (See  Adamo  and  Farrar,  2006;  Conboy  and  Rando,  2005  for  review).  The  skeletal 
muscle  of  aged  individuals  also  demonstrates  more  susceptibility  to  injury  (Brooks  and 
Faulkner,  1996;  Zerba  et  al.,  1990)  and  impaired  regeneration  following  injury  (Brooks  and 
Faulkner,  1990;  Hammers  et  al.,  2008;  Sadeh,  1988),  suggesting  that  these  characteristics 
are  included  in  the  sarcopenic  phenotype.  Investigations  of  muscle  regeneration  in 
heterochronic  muscle  transplantation  (Carlson  and  Faulkner,  1989)  and  parabiosis  (Conboy 
et  al.,  2005)  models  demonstrate  that  muscles  of  aged  animals  regenerate  similarly  as  those 
of  young  when  exposed  to  a  young  systemic  environment.  This  indicates  that  diffusible, 
extrinsic  factors  have  a  substantial  influence  on  intrinsic  cellular  processes  in  the  age-related 
decline  in  muscle  regenerative  capacity,  and  suggests  autocrine/paracrine  growth  factor(s), 
such  as  IGF-I,  play  a  role  in  this  phenomenon. 

Surgical  use  of  pneumatic  tourniquets  (TK)  on  the  extremities  occurs  over  20,000  times  a 
day  worldwide  (McEwen  and  Inkpen,  2004).  Their  prolonged  use  results  in  a  severe 
ischemia  reperfusion  (I/R)  injury  of  the  affected  skeletal  muscle  (Blaisdell,  2002),  defining  a 
very  clinically-relevant  problem.  Considering  the  large  proportion  of  orthopedic  surgeries 
performed  on  elderly  individuals,  the  extent  of  damage  and  subsequent  recovery  of  aged 
skeletal  muscle  from  TK-induced  I/R  is  a  topic  of  importance.  Our  laboratory  has  shown 
that  skeletal  muscles  of  aged  rats  have  greater  functional  deficits  than  young  following  7  and 
14  days  of  recovery  from  TK-induced  I/R  injury,  and  an  age-associated  defect  in  the  local 
induction  of  IGF-I  is  a  potential  mechanism  contributing  to  this  phenomenon  (Hammers  et 
al.,  2008). 

Local  induction  of  IGF-I  in  skeletal  muscle  occurs  in  various  models  of  muscle  injury 
(Edwall  et  al.,  1989;  Hayashi  et  al.,  2004;  Hill  and  Goldspink,  2003;  Hill  et  al.,  2003; 
Jennische  and  Hansson,  1987;  Jennische  et  al.,  1987).  The  role  IGF-I  plays  in  injured  muscle 
includes  cell  survival,  satellite  cell  proliferation,  and  satellite  cell  differentiation  (See 
Adamo  and  Farrar,  2006;  Adams,  2002;  Charge  and  Rudnicki,  2004  for  review).  A  splice 
variant  of  IGF-I  mRNA  encoding  pro-IGF-I  Eb  is  reported  to  be  increased  over  control 
levels  during  the  period  corresponding  to  the  satellite  cell  proliferative  phase  after  injury 
(Hill  and  Goldspink,  2003;  Hill  et  al.,  2003).  Conversely,  these  studies  demonstrated  the 
major  IGF-I  mRNA  splice  variant,  IGF-I  Ea,  increased  over  control  levels  during  the 
myoblast  differentiation  phase.  Moreover,  a  synthetic  peptide  corresponding  the  C-terminal 
24  amino  acids  of  human  pro-IGF-I  Ec  reportedly  stimulates  mouse  myoblast  proliferation 
independently  of  the  IGF-I  receptor  (Yang  and  Goldspink,  2002).  These  observations  have 
led  to  the  hypothesis  that  products  of  the  IGF-I  Eb  mRNA  spice  variant  [often  termed 
mechano-growth  factor  (MGF)]  mediates  satellite  cell  proliferation  whereas  mature  IGF-I, 
supposedly  derived  solely  from  expression  of  IGF-I  Ea  mRNA  stimulates  differentiation 
(See  Barton,  2006;  Matheny  et  al.,  2010  for  review). 

The  specific  aim  of  the  present  study  was  to  compare  the  time  course  of  IGF-I  gene 
expression,  protein  levels,  and  signaling  cascades  in  the  skeletal  muscle  of  young  and  old 
mice  following  TK-induced  I/R.  We  found  clear  age-related  alterations  in  the  relative 
quantities  and  temporal  patterns  of  total  IGF-I,  IGF-I  Ea,  and  IGF-I  Eb  gene  expression  in 
our  model  of  injury.  In  addition,  TK-injured  aged  skeletal  muscle  exhibits  deficits  in  IGF-I 
peptide  levels  and  anabolic  signaling  downstream  of  the  IGF-I  receptor.  These  data  further 
support  our  hypothesis  that  an  age-associated  decrease  in  IGF-I  induction  following  injury  is 
a  potential  cause  of  the  impaired  regeneration  of  aged  skeletal  muscle. 
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METHODS 

Animals 

Young  (6  mo)  and  old  (24-28  mo)  male  C57BL/6  mice  were  used  for  this  study.  Animals 
were  housed  individually  with  ad  libitum  access  to  food  and  water,  and  maintained  on  a  12- 
hour  light/dark  cycle.  Age-separated  mice  were  randomly  assigned  into  1,  3,  5,  and  7-day 
recovery  groups  (n  =  5-6).  All  experimental  procedures  were  approved  and  conducted  in 
accordance  with  the  guidelines  set  by  The  University  of  Texas  at  Austin  IACUC. 

Tourniquet  Application 

Mice  were  anesthetized  with  2%  isoflurane  gas  prior  to  and  for  the  duration  of  tourniquet 
application.  A  single,  randomly  selected  hind  limb  was  elevated,  and  a  pneumatic  tourniquet 
(D.E.  Hokanson,  Inc.)  was  wrapped  snuggly  against  the  proximal  portion  of  the  limb  and 
inflated  to  250  mm  Hg  by  the  Portable  Tourniquet  System  (Delfi  Medical  Innovations  Inc.) 
to  ensure  complete  occlusion  of  blood  flow  to  the  limb  for  a  duration  of  2  hours  (Walters  et 
al.,  2008a).  Body  temperature  was  maintained  at  37+1°  C  with  the  use  of  a  heat  lamp  during 
this  procedure.  After  2  hours,  the  pneumatic  tourniquet  was  removed,  and  the  mouse  was 
returned  to  its  cage  for  recovery.  For  all  measures,  muscles  from  the  uninjured  contralateral 
limb  served  as  internal  controls,  as  performed  in  other  studies  (Hammers  et  al.,  2008; 
Thaveau  et  al.,  2009;  Walters  et  al.,  2008b). 

Tissue  Harvesting 

The  gastrocnemius  (GAS),  tibialis  anterior  (TA),  and  extensor  digitorum  longus  (EDL) 
muscles  (muscles  distal  to  the  TK)  were  quickly  harvested  from  both  the  TK  and 
contralateral  leg,  and  frozen  in  liquid  nitrogen-cooled  isopentane  and  stored  at  —80°  C  until 
later  analysis.  Plantaris  (PLAN)  muscles  were  fixed  in  10%  formalin  for  histological 
evaluation.  Mice  were  euthanized  with  an  overdose  of  sodium  pentobarbital  (lOOmg/kg). 

Histological  Analysis 

Formalin-fixed  PLAN  muscle  cross-sections  were  embedded  in  paraffin  wax,  cut  5  pm 
thick,  and  stained  with  hematoxylin  &  eosin  (H&E).  All  slides  were  evaluated  both 
subjectively  and  quantitatively  by  a  board-certified  veterinary  pathologist  using  an  Olympus 
BX41  microscope  at  4,  10  and  40  X  magnification.  Images  were  captured  at  40  X 
magnification  using  an  Olympus  BX41  microscope  and  an  Olympus  DP71  digital  camera. 


RT-PCR 

Real-time  PCR  experiments  were  performed  as  previously  described  (Hammers  et  al., 

2008).  RNA  was  extracted  from  EDL  muscles  using  RNA-STAT  (Tel-Test,  Friendswood, 
TX).  Samples  underwent  chloroform  extraction  and  centrifugation,  followed  by  precipitation 
in  isopropanol  at  —20°  C.  Precipitated  RNA  was  centrifuged,  the  supernatant  removed,  and 
the  pellet  dissolved  in  nuclease-free  water.  RNA  was  quantified  on  a  spectrophotometer  at  a 
wavelength  of  260  nm.  Conversion  of  total  RNA  to  single-strand  cDNA  was  accomplished 
using  the  High-Capacity  cDNA  Archive  Kit  (P/N  4322171;  Applied  Biosystems;  Foster 
City,  CA).  Briefly,  5  -  10  pg  total  RNA  were  reverse  transcribed  using  random  primers  for 
the  following  incubation  times:  25°  C  for  10-minutes,  then  37°  C  for  2  hours.  cDNA  samples 
were  stored  at  —80°  C  until  use. 

RT-PCR  was  performed  on  cDNA  using  both  commercially  available  (mouse  18S,  ABI  P/N 
Hs99999901_sl  and  IGF-I,  ABI  P/N  Mm00439561_ml,  exon  boundary  3-4)  and  custom- 
designed  (See  Table  1)  hydrolysis  primers  and  probes.  The  PCR  reaction  was  performed  in 
an  ABI  7500  thermal  cycler  with  the  fluorescence  of  3  to  15  cycles  was  set  up  as 
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background.  Data  was  collected  at  the  annealing  step  of  each  cycle,  and  the  threshold  cycle 
(Ct)  for  each  sample  calculated  by  determining  the  point  at  which  the  fluorescence  exceeded 
the  threshold  limit.  Standard  curves  for  each  probe/primer  pair  were  established  by  serial  10- 
fold  dilutions  of  cDNA  of  known  concentrations,  and  the  Ct  values  from  samples  were 
plotted  along  the  curves  to  obtain  relative  values.  All  samples  were  then  normalized  to  18S 
rRNA.  Data  points  represent  the  average  of  two  to  three  runs,  each  in  duplicate,  and  each 
performed  on  separate  cDNA  synthesis  reactions. 


ELISA 

Tissue  levels  of  IGF-I  were  measured  by  a  method  similar  to  that  described  by  D’Ercole  et 
al.  (D'Ercole  et  al.,  1984),  with  minor  modifications.  Briefly,  -100  mg  of  frozen  muscle 
tissue  (TA  +  EDL  muscles)  were  powdered  under  liquid  nitrogen  and  suspended  in  5  mL  of 
acetic  acid  per  gram  of  tissue.  Tissue  suspensions  were  incubated  on  ice  for  30  minutes  and 
insoluble  material  was  removed  by  centrifugation  (10  minutes  @  5,000  g,  4°  C).  Extracts 
were  lyophilized  and  resuspended  in  0. 1  M  Tris  (pH  8.0)  at  2  mL/g  of  tissue.  Samples  were 
cleared  by  centrifugation  (10  minutes  @  10,000  g,  4°  C).  Protein  concentrations  of  cleared 
lysates  were  determined  by  the  method  described  by  Bradford  (Bradford,  1976).  An  equal 
amount  of  protein  was  used  to  determine  the  IGF-I  content  using  an  IGF-I  ELISA  kit 
(Immuno  Diagnostic  Systems;  Fountain  Hills,  AZ).  Input  volumes  of  the  samples  were 
increased  to  25  pi,  and  the  volume  of  diluent  was  decreased  to  0.25  mL.  The  remainder  of 
the  assay  was  performed  according  to  the  manufacturer’s  instructions. 


SDS-PAGE 

Samples  from  control  and  TK  GAS  muscles  (n  =  5-6)  were  homogenized  at  4°  C  in  a  buffer 
containing  50  mM  HEPES  (pH  7.6),  150  mM  NaCl,  1%  Triton-X  100,  20  mM  P-glycerol 
phosphate,  10  mM  NaF,  1  mM  Na3"V04,  10  ng/mL  each  of  leupeptin  and  aprotinin,  1  mM 
PMSF,  and  1:100  dilutions  of  phosphatase  inhibitor  cocktails  1  &  2  (Sigma- Aldrich).  The 
resulting  homogenate  was  centrifuged  at  12,000g  for  30  minutes,  and  the  supernatant  was 
kept  for  analysis.  Protein  concentrations  of  all  samples  were  determined  as  described  by 
Bradford  (1976).  Samples  were  boiled  in  4X  Laemmli’s  sample  buffer  at  a  ratio  of  3:1,  and 
equal  amounts  of  total  protein  were  loaded  into  each  well  of  a  5%  stacking/15%  separating 
polyacrylamide  gel.  Gels  were  run  at  constant  current  until  necessary  protein  separation  was 
achieved. 

To  verify  equal  loading  of  protein  content  among  lanes,  Coomassie  blue  staining  of 
randomly  selected  gels  was  performed  following  SDS-PAGE  separation.  Gels  were  washed 
in  dH20  for  30  minutes,  incubated  in  Bio-Safe  Coomassie  blue  solution  (Bio-Rad)  for  1 
hour,  and  washed  again  in  d^O  overnight.  Gel  images  were  taken  using  the  Chemidoc 
XRS  system  (Bio-Rad).  Volumetric  analysis  of  all  bands  of  each  lane  was  performed  using 
Quantity  One  software  to  verify  that  there  were  no  substantial  differences  in  total  protein 
content  despite  differences  in  distribution  of  protein  content  between  groups. 

Western  Blotting 

Following  SDS-PAGE  separation,  proteins  were  transferred  to  a  PVDF  membrane 
(Millipore)  and  blocked  with  5%  milk  in  0.1%  Tween  20  in  TBS  (TBST)  for  1  hour. 
Ponceau-S  staining  was  performed  to  ensure  equal  transfer  prior  to  blocking.  Membranes 
were  incubated  in  1:1000  dilutions  of  primary  antibody  in  either  1%  milk-TBST  or  5% 
BSA-TBST  overnight  at  4°  C,  then  in  1:2000  dilutions  of  goat  anti-rabbit  HRP  conjugated 
secondary  antibody  (Pierce)  in  either  1%  milk-TBST  or  5%  milk-TBST  for  2  hours.  Blots 
were  visualized  by  ECL  detection  (Perkin-Elmer)  using  the  Chemidoc  XRS  system  (Bio- 
Rad).  Band  volumetric  analysis  was  performed  using  Quantity  One  software.  Following 
ECL  detection  of  phospho-proteins,  membranes  were  stripped  and  re -probed  for  total 
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protein.  Anti-phospho-mTOR  (Ser  2448;  2971),  anti-phospho-Fox03a  (Ser  253;  9466),  anti- 
Akt  (9272),  anti-mTOR  (2972),  and  anti-Fox03a  (9467)  primary  antibodies  were  purchased 
from  Cell  Signaling  Technology.  Anti-phospo-Akt  1/2/3  (Ser  473;  sc-7985-R)  primary 
antibody  was  purchased  from  Santa  Cruz  Biotechnology.  All  experiments  were  repeated  in 
triplicate  to  verify  results. 

Data  Analysis 

All  values  are  expressed  as  mean  +  SEM.  Statistical  analysis  involved  two-factor  ANOVA 
(age  and  TK  treatments;  Student  Newman-Keuls  post-hoc  tests)  or  Student’s  f-tests,  where 
appropriate,  using  SPSS  16.0  software  (a  =  0.05). 


RESULTS 

Muscle  mass  and  histology 

Figure  1  depicts  the  wet  masses  of  all  GAS  muscles  obtained  in  this  study.  In  general,  TK- 
injured  muscles  increased  in  mass  1  day  post-TK,  and  this  increase  remained  elevated 
through  3  days.  Histological  evidence  confirmed  this  early  post-TK  increase  coincides  with 
edema  and  swelling  of  the  myofibers.  Following  day  3,  muscle  masses  of  both  age  groups 
demonstrated  progressive  declines  until  day  7,  when  young  and  old  muscles  demonstrated 
significant  decreases  of  13  and  22%  decreases  in  mass,  respectively.  At  this  time,  the  muscle 
mass  of  old  mice  was  27%  lower  than  that  of  young.  This  decrease  in  old  represents  a  38% 
greater  loss  of  mass,  relative  to  day  and  age-matched  controls,  than  the  loss  observed  in 
young. 

H&E  stained  PLAN  muscle  cross-sections  from  young  and  old  1,  3,  5,  and  7-day  recovery 
mice  were  evaluated  by  a  board-certified  veterinary  pathologist  to  provide  a  histological 
comparison  of  the  two  age  groups  during  the  initial  stages  of  recovery.  Representative  slides 
from  each  group  are  presented  in  Figure  2.  Table  2  contains  the  mean  histological  pathology 
values  for  each  group,  as  provided  by  the  evaluator. 

Control  muscles  from  both  young  and  old  animals  demonstrated  no  pathology,  exhibiting 
angular  fibers  with  peripheral  nuclei.  Following  1  day  of  recovery  from  I/R,  old  muscle 
demonstrated  a  higher  degree  of  swelling  (rounding  of  the  myofibers),  edema,  neutrophil 
infiltration,  and  internalization  of  nuclei  than  young.  Both  age  groups  demonstrated  a 
comparable  degree  of  multifocal  degeneration  and  necrosis.  Similarly  at  day  3,  old  muscles 
demonstrated  more  myofiber  swelling,  edema,  and  infiltration  of  macrophages.  Young 
muscles  exhibited  similar  neutrophil  infiltration  as  that  observed  in  old,  but  revealed  higher 
degrees  of  multifocal  degeneration,  necrosis,  and  internalized  nuclei;  neutrophil  infiltration 
was  similar  to  that  of  old.  Old  muscles  in  the  5-day  recovery  group  exhibited  similar  degrees 
of  degeneration/necrosis  as  those  of  young,  yet  had  more  severe  instances  of  edema, 
infiltration  of  neutrophils  and  macrophages,  and  internalization  of  nuclei.  Old  muscles 
demonstrated  a  higher  incidence  of  centrally  located  nuclei  (i.e.  regeneration)  at  this  time, 
suggesting  more  damage  had  incurred.  At  7  days,  young  and  old  muscles  had  similar 
degrees  of  edema,  degeneration,  and  infiltration  of  neutrophils  and  macrophages;  old 
muscles  demonstrated  higher  amounts  of  swelling  and  regeneration  than  young  at  this  time. 

IGF-I  gene  expression 

The  local  induction  of  IGF-I  mRNA  in  skeletal  muscle  following  an  injury  stimulus  is  well 
documented  (Edwall  et  al.,  1989;  Hammers  et  al.,  2008;  Hill  and  Goldspink,  2003;  Hill  et 
al.,  2003);  however,  its  temporal  regulation  and  the  regulation  of  IGF-I  splice  variants  is  less 
clear.  To  address  this,  total  IGF-I,  IGF-I  Ea,  and  IGF- 1  Eb  mRNA  in  control  and  TK  EDL 
muscles  were  measured  by  RT-PCR  and  were  quantified  relative  to  young  1  day  control 
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values  (Figure  3).  Analysis  of  total  IGF- 1  gene  expression  (Figure  3A)  reveals  both  an  age- 
related  quantitative  and  temporal  shift  in  the  first  7  days  following  TK-induced  I/R  injury. 
TK-induced  injury  resulted  in  significant  increases  in  IGF-I  gene  expression  at  days  1,  3, 
and  7  post-TK  in  both  young,  and  at  days  3,  5,  and  7  in  old  compared  to  their  respective 
controls.  In  young,  IGF-I  mRNA  displayed  a  robust  peak  3  days  post-TK,  while  the  old 
showed  a  delayed  and  quantitatively  diminished  peak  at  day  5.  Old  mice  demonstrated 
significantly  less  TK-induced  IGF-I  gene  expression  than  young  at  days  1  and  3,  and  was 
higher  in  expression  at  its  peak  on  day  5.  The  expression  of  IGF-I  Ea  and  Eb  (Figure  3B  & 

C,  respectively)  followed  the  same  general  pattern  as  total  IGF-I  gene  expression.  These 
data  demonstrate  temporal  and  quantitative  impairment  of  IGF-I  expression  occurs  with  age 
following  TK-induced  injury. 

Expression  of  myostatin  (Figure  3D),  a  negative  regulator  of  muscle  mass  (See  Joulia-Ekaza 
and  Cabello,  2007  for  review)  was  also  investigated.  TK-induced  injury  resulted  in 
substantial  decreases  in  myostatin  mRNA  by  for  all  time  points  in  both  young  and  old 
compared  to  their  respective  controls  (p  <  0.05),  with  that  of  old  being  lower  in  expression 
than  young  at  days  1,  3,  and  5  post-TK.  This  observed  decrease  in  myostatin  mRNA 
following  I/R  injury  demonstrates  that  there  was  not  a  global  up-regulation  in  RNA 
polymerase  II-dependent  gene  transcription  in  response  to  I/R. 

IGF-I  peptide  levels 

Having  observed  that  IGF-I  mRNA  decreased  with  age,  we  next  sought  to  determine 
whether  intramuscular  immunoreactive  IGF-I  levels  also  decreased.  A  significant  increase  in 
IGF-I  peptide  following  7  days  of  recovery  occurs  in  young,  with  no  difference  in  old 
(Figure  4).  These  data  indicate  IGF-I  peptide  levels,  in  addition  to  mRNA,  are  reduced  with 
age  following  TK-induced  I/R. 

Akt,  mTOR,  and  Fox03  signaling 

To  investigate  the  time-course  of  anabolic  activity  in  young  and  old  skeletal  muscle 
following  I/R,  the  phosphorylation  of  key  proteins  of  the  phosphoinositide  3-kinase  (PI3K)/ 
Akt  pathway  were  analyzed  (Figure  5).  Early  in  recovery,  levels  of  p-Akt  and  total  Akt 
diminished  to  almost  undetectable  levels  in  both  young  and  old,  with  no  difference  between 
the  ages  (Figure  5A).  At  day  5,  p-Akt  content  rose  in  the  young  mice  as  total  Akt  increased 
~3-fold  over  control  values;  however,  the  resulting  p-Akt/ Akt  ratio  was  diminished.  Old 
muscles  still  demonstrated  no  return  of  p-Akt  signal.  Values  for  p-Akt,  total  Akt,  and  p-Akt/ 
Akt  were  significantly  lower  in  the  TK  legs  of  old  mice  compared  to  their  young 
counterparts  at  this  time  (p  <  0.05).  By  day  7,  there  was  an  even  more  robust  increase  in 
total  Akt  in  both  age  groups  ,  however,  p-Akt  levels  were  higher  in  the  young  than  old  (p  < 
0.05).  These  data  indicate  an  age-related  delay  in  Akt  synthesis  and  activation  following  I/R 
injury. 

Mammalian  target  of  rapamycin  (mTOR)  is  a  crucial  mediator  of  anabolic  activity  in 
skeletal  muscle  (See  Bodine,  2006  for  review).  There  were  no  age-related  differences  in  p- 
mTOR  or  mTOR  among  age  groups  until  day  7  (Figure  5B).  At  this  time,  there  were  large 
increases  in  p-mTOR,  mTOR,  and  p-mTOR/mTOR  values  in  the  young  mice  relative  to 
day-matched  control  levels.  The  p-mTOR  and  mTOR  values  were  significantly  higher  than 
those  of  old  mice  (p  <  0.05),  suggesting  synthesis  and  subsequent  phosphorylation  of  mTOR 
is  impaired/delayed  in  aged  muscle  recovering  from  I/R. 

The  FoxO  class  transcription  factors  (FoxOs)  are  targets  of  active  Akt  kinase  activity.  In 
their  active,  unphosphorylated  state,  these  proteins  reside  in  the  nucleus  and  promote  gene 
expression  of  atrophy-stimulating  genes,  such  as  the  E3  ubiquitin  ligase,  atrogin-1  (Sandri  et 
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al.,  2004).  Phosphorylation  of  FoxOs  by  Akt  induces  translocation  from  the  nucleus  and 
degradation  in  the  cytosol  (See  Huang  and  Tindall,  2007  for  review).  Content  of  p-Fox03 
followed  the  same  pattern  as  p-mTOR  (Figure  5C).  After  7  days  of  recovery,  p-Fox03 
content  in  young  was  substantially  higher  than  old,  while  total  Fox03  levels  were  well 
below  those  of  old  (p  <  0.05).  The  depressed  p-Fox03/Fox03  ratio  in  old  (p  <  0.05) 
indicates  more  active,  atrophy-inducing  Fox03  in  the  muscle  of  old  mice.  The  physiological 
relevance  of  these  signaling  deficits  are  strengthened  by  the  exacerbated  loss  of  mass  in  the 
muscles  of  old  following  TK  application  (Figure  1,  Day  7). 

DISCUSSION 

The  substantial  loss  of  muscle  mass  and  function  that  result  from  TK  use  are  a  concern 
among  the  high  proportion  of  elderly  individuals  who  undergo  orthopedic  surgery,  as  muscle 
mass  and  strength  are  negatively  associated  with  disability  and  mortality  rates  (See 
Rantanen,  2003  for  review).  The  data  presented  in  this  study  demonstrate  clear  age-related 
alterations  in  local  IGF-I  gene  expression,  IGF-I  peptide  levels,  and  anabolic  signaling  in 
skeletal  muscle  following  I/R  in  mice.  In  this  study  we  present  several  novel  findings 
including  a  correlation  between  IGF-I  mRNA  levels  and  protein  levels  in  aged  muscle  and  a 
reduction  in  intracellular  signals  generated  by  the  IGF-I  receptor.  In  addition,  we  find  an 
elevation  in  potentially  active  FoxO  in  the  muscle  of  aged  animals.  These  novel  findings 
extend  our  previous  observations  and  provide  important  information  regarding  the  potential 
mechanisms  that  underlie  the  reduced  capacity  for  aged  muscle  to  recover  from  injury. 

Due  to  its  pleiotrophic  effects,  IGF-I  is  an  important  molecule  in  the  study  of  skeletal 
muscle  response  to  injury.  IGF-I  stimulates  both  the  proliferation  and  differentiation  of 
myoblasts  via  activation  of  the  MAP  kinase  and  PI3K/Akt  pathways,  respectively  (Coolican 
et  al.,  1997).  In  differentiated  muscle,  IGF-I  is  hypertrophic  and  anti-atrophic,  with  both 
actions  largely  attributed  to  PI3K/Akt  activation  (Adams  and  McCue,  1998;  Latres  et  al., 
2005;  Lee  et  al.,  2004;  Rommel  et  al.,  2001;  Sacheck  et  al.,  2004;  Stitt  et  al.,  2004).  IGF-I 
overexpression  also  increases  the  recruitment  of  circulating  bone  marrow-derived  stem  cells 
(Musaro  et  al.,  2004;  Sacco  et  al.,  2005)  and  hastens  the  resolution  of  inflammation  (Pelosi 
et  al.,  2007)  following  muscle  injury.  Additional  benefits  of  IGF-I  may  include  protection  of 
cells  from  oxidative  stress  (Garcia-Fernandez  et  al.,  2005;  Jallali  et  al.,  2007),  mitochondrial 
dysfunction  (Puche  et  al.,  2008),  and  apoptosis  (See  Kooijman,  2006  for  review),  as  seen  in 
non-muscle  tissues. 

Due  to  the  positive  effects  of  IGF-I,  we  hypothesize  that  the  age-related  impairment  of  IGF-I 
expression  is  a  contributing  factor  to  the  general  decrement  of  aged  muscle  following  injury. 
This  is  supported  by  evidence  that  the  forced  overexpression  of  IGF-I  in  the  skeletal  muscles 
of  aged  mice  prevents  the  sarcopenic  phenotype  (Barton-Davis  et  al.,  1998;  Musaro  et  al., 
2001)  and  protects  injured  muscles  from  the  exacerbated  decrement  caused  by  aging 
(Musaro  et  al.,  2001).  In  addition,  the  administration  of  IGF-I  has  the  ability  to  restore  the 
proliferative  potential  of  satellite  cells  in  atrophied  aged  muscles  (Chakravarthy  et  al.,  2000). 
Despite  these  effects  of  IGF-I  on  sarcopenia,  it  was  only  recently  shown  that  the  post-injury 
expression  of  IGF-I  decreases  with  age  (Hammers  et  al.,  2008).  The  present  study  verifies 
this  age-related  reduction  in  the  injury-induced  IGF-I  expression  exists  in  the  mouse  model 
of  TK-induced  I/R  with  the  distinctive  finding  that  a  delay  in  peak  expression  also  occurs,  as 
young  peak  in  expression  at  3  days  post-TK  and  old  at  5  days  post-TK.  We  also  verify  that 
IGF-I  peptide  levels  are  reduced  with  age.  The  merits  of  these  findings  are  further 
strengthened  by  recent  evidence  that  functional  IGF-I  receptors  are  required  for  the  efficient 
regeneration  of  injured  skeletal  muscle,  thereby  highlighting  the  importance  of  IGF-I  to 
muscle  regeneration  (Heron-Milhavet  et  al.,  2010).  This  current  line  of  evidence  suggests 
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that  non-genetic,  IGF-I-based  intervention  may  be  an  effective  method  of  therapeutic 
intervention. 

An  interesting  finding  of  this  study  is  the  lack  of  differential  expression  of  the  IGF-I  Ea  and 
Eb  isoforms.  The  works  of  Hill  et  al.  suggest  that  local  expression  of  the  individual  IGF-I  Ea 
and  Eb  mRNA  splice  variants  is  temporally  specific  following  some  models  of  muscle 
injury.  For  instance,  increases  of  the  IGF-I  Eb  splice  variant  beyond  control  levels  coincided 
temporally  with  the  proliferation  of  satellite  cells,  and  increases  of  the  IGF-I  Ea  splice 
variant  beyond  control  levels  coincided  temporally  with  myoblast  differentiation  (Hill  and 
Goldspink,  2003;  Hill  et  al.,  2003).  Owino  et  al.  (2001)  reported  that  old  rats  exhibited  an 
attenuated  up-regulation  of  IGF-I  Eb  mRNA  at  1-5  days  following  overload  compared  to 
young  rats,  and  that  the  lower  induction  of  IGF-I  Eb  mRNA  in  the  older  rats  correlated  with 
attenuation  in  appearance  of  myogenesis  markers.  These  findings  led  the  authors  to 
speculate  that  protein  product(s)  derived  from  IGF-I  Eb  mRNA  may  be  involved  in  satellite 
cell  activation,  and  that  product(s)  derived  from  IGF-I  Ea  mRNA  may  be  involved  in 
differentiation.  A  synthetic  peptide  corresponding  to  the  24  C-terminal  amino  acids  of  the 
Eb  E  peptide  stimulated  proliferation  and  inhibited  differentiation  of  C2C12  cells  (Yang  and 
Goldspink,  2002).  Because  antibodies  raised  against  this  sequence  have  detected  proteins 
larger  than  the  intact  Eb  peptide  or  the  24-aa  C-terminal  fragment  (Dluzniewska  et  al.,  2005; 
Kravchenko  et  al.,  2006;  Philippou  et  al.,  2008)  and  no  published  reports  exist  where  this 
IGF-I  Eb  mRNA  product  has  been  identified  in,  or  isolated  from,  injured  tissues  in  vivo  ,  the 
identity  of  the  precise  form  or  physiological  role  of  MGF  remains  elusive. 

Here,  we  observe  an  increased  level  of  immunoreactive  IGF-I  in  association  with  increased 
levels  of  both  IGF-I  Ea  and  IGF-I  Eb  mRNAs,  and  an  attenuation  of  both  IGF-I  mRNA 
splice  variants  and  of  immunoreactive  IGF-I  in  older  mice  following  I/R.  Our  results  thus  do 
not  indicate  temporal  specificity  of  Ea  and  Eb  following  I/R.  The  discrepancy  between  our 
findings  and  those  of  Hill  et  al.  may  be  due  to  a  difference  in  the  nature  of  the  injury  models. 
The  bupivacaine-induced  muscle  injury  used  by  Hill  et  al.  is  specific  to  mature  myofibers, 
and  does  not  substantially  affect  non-muscle  cells,  such  as  the  surrounding  vasculature  or 
nerve  cells  (Foster  and  Carlson,  1980).  Non-muscle  cells,  however,  are  affected  in  the  I/R 
model  and  express  IGF-I  following  this  perturbation  (Jennische  et  al.,  1987),  thus  their 
contributions  may  change  the  landscape  of  local  IGF-I  gene  expression. 

The  skeletal  muscle  of  aged  mice  also  demonstrate  significant  deficits  in  phosphorylation  of 
Akt,  mTOR,  and  Fox03,  all  indicators  of  positive  anabolic  activity,  compared  to  their  young 
counterparts  after  7  days  of  recovery  from  TK-induced  I/R.  Activation  of  the  PI3K/Akt 
pathway  leads  to  an  increase  in  protein  synthesis  through  a  mTOR-dependent  process 
(Bodine  et  al.,  2001;  Rommel  et  al.,  2001),  and  prevents  atrophy  through  a  mostly  FoxO- 
dependent  process  (Sandri  et  al.,  2004).  Indirect  activation  of  mTOR  by  Akt  initiates  the 
activation  of  pro-translational  signaling  by  the  activation  p70  S6  Kinase  (p70s6K)  and  the 
deactivation  of  4E-Binding  Protein  (4E-BP)  through  phosphorylation  (Bodine  et  al.,  2001; 
Burnett  et  al.,  1998).  The  reduction  of  pAkt  and  pmTOR  in  old  muscle  suggests  protein 
synthetic  pathways  are  attenuated  with  age  following  I/R.  A  similar  delayed  response  of  Akt 
activation  in  old  rats  was  recently  found  to  coincide  with  impaired  hypertrophy  using  the 
functional  overload  model  (Hwee  and  Bodine,  2009).  The  present  data  indicates  that  the 
mechanism  responsible  for  the  age-related  decrease  in  signaling  is  prior  to  the  activation  of 
Akt,  perhaps  due  to  changes  in  IGF-I  ligand  levels.  We  are,  however,  limited  by  the  fact  that 
different  muscles  were  used  for  mRNA/peptide  and  signaling  assays.  We  also  cannot,  at  this 
time,  discount  the  possibility  of  age-related  alterations  in  the  expression  and/or  activation  of 
upstream  mediators  of  Akt  activation,  such  as  IGF-IR,  IRS-1,  and/or  PI3K,  or  proteins 
downstream  of  mTOR,  including  mTORCl,  p70s6K,  4E-BP,  and/or  ribosomal  protein  S  6. 
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Another  important  finding  of  the  current  study  is  the  substantially  reduced  pFox03/Fox03 
levels  in  the  TK  muscles  of  old  mice.  In  differentiated  muscle,  active  FoxO  proteins  are 
localized  in  the  nucleus  and  activate  transcription  of  the  muscle-specific  E3  ubiquitin  ligases 
Atrogin-1  and  MuRF-1  (Sandri  et  al.,  2004;  Senf  et  al.,  2008;  Stitt  et  al.,  2004)  and  many 
genes  associated  with  autophagy  (Mammucari  et  al.,  2007;  Sengupta  et  al.,  2009;  Zhao  et 
al.,  2007),  causing  substantial  atrophy.  In  addition,  FoxOs  are  responsible  for  the 
upregulation  of  the  cell  cycle  inhibitor  p27klpl,  thereby  preventing  satellite  cell  proliferation 
(Machida  et  al.,  2003;  Rathbone  et  al.,  2008).  FoxOs  have  also  been  shown  to  induce 
apoptosis  in  vitro  (Matheny  and  Adamo,  2009;  McLoughlin  et  al.,  2009).  IGF-I  mediated 
phosphorylation  of  FoxOs  by  Akt  causes  their  exclusion  from  the  nucleus,  thereby 
preventing  their  transcriptional  activity  (Sandri  et  al.,  2004;  Stitt  et  al.,  2004).  These  data 
suggest  FoxO  activity  is  elevated  in  TK-injured  aged  muscle,  leading  to  an  age-related 
increase  in  atrophy  stimulation  and/or  reduced  proliferative  potential  of  satellite  cells. 

In  summary,  the  present  data  demonstrate  that  the  local  induction  of  IGF-I  gene  expression, 
IGF-I  peptide  levels,  and  signaling  of  the  PI3K/Akt  pathway  in  skeletal  muscle  are 
attenuated  with  age  following  2  hour  TK-induced  I/R  injury.  This  result  is  clinically 
significant  due  to  the  growing  elderly  population  and  the  large  proportion  of  orthopedic 
surgeries  within  this  demographic.  However,  further  investigation  needs  to  address  the 
mechanisms  behind  the  age-related  reduction  in  IGF-I  response,  i.e.  whether  it  is  due  to 
extrinsic  factors,  intrinsic  phenomena,  or  an  interaction  thereof.  Despite  this,  the  results  of 
this  study  strengthen  the  use  of  IGF-I  based  therapy  as  a  potential  treatment  to  promote 
normal  regeneration  in  the  injured  skeletal  muscle  of  aged  individuals. 

Research  Highlights 

•  Aging  muscle  incurs  greater  damage  following  tourniquet-induced  I/R  than 
young  muscle 

•  IGF-I  expression  in  both  peptide  and  mRNA  of  splice  variants  of  IGF-I  Ea  and 
Eb  were  reduced  in  aging 

•  Anabolic  activity  of  aged  muscle  subsequent  to  injury  was  reduced  compared  to 
young 

•  Phosphorylation  of  select  intermediates  of  the  PI3  Kinase  pathway  were  reduced 
in  aged  muscle 

Impairment  of  IGF-I  signaling  in  aging  potentially  has  a  role  in  impaired  recovery  in 
aged  muscle 
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Figure  1. 

Wet  masses  of  gastrocnemius  muscles  were  measured  from  6  mo  (young)  and  24-27  mo 
(old)  C57BL/6  mice  following  1,  3,  5,  and  7  days  of  recovery  from  2  hour  TK-induced  I/R. 
Values  are  represented  as  mean  +  SEM.  Statistical  analysis  was  performed  using  two-factor 
ANOVA  followed  by  SNK  post-hoc  (a  =  0.05). 
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Figure  2. 

Plantaris  muscles  from  6  mo  (young)  and  24—27  mo  (old)  C57BL/6  mice  were  paraffin- 
embedded  and  stained  with  hematoxylin  &  eosin  (H&E)  following  1,  3,  5,  and  7  days  of 
recovery  from  2  hour  TK-induced  I/R.  Inset  bar  represents  100  pm. 
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Figure  3. 

Real  time-PCR  was  performed  to  measure  relative  expression  of  IGF-I  (A),  IGF-I  Ea  (B), 
IGF-I  Eb  (C),  and  myostatin  (D)  mRNA  in  the  extensor  digitorum  longus  muscle  of  6  mo 
(young)  and  24-27  mo  (old)  C57BL/6  mice  following  1,  3,  5,  and  7  days  of  recovery  from  2 
hour  TK-induced  I/R.  mRNA  values  are  normalized  to  18S  rRNA  expression  and  are 
represented  as  mean  +  SEM  relative  to  Day  1  young  control  levels.  Statistical  analysis  was 
performed  using  two-factor  ANOVA  followed  by  SNK  post-hoc  (a  =  0.05). 
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Young  Old 


Figure  4. 

Whole  tissue  IGF-I  peptide  levels  were  measured  by  ELISA  in  the  tibialis  anterior  and 
extensor  digitorum  longus  muscles  of  6  mo  (young)  and  24-27  mo  (old)  C57BL/6  mice 
following  7  days  recovery  from  TK-induced  I/R.  Values  are  represented  as  mean  +  SEM. 
Statistical  analysis  was  performed  using  two-factor  ANOVA  followed  by  SNK  post-hoc  (a 
=  0.05). 
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Figure  5. 

Relative  phosphorylation  abundances,  total  protein  contents,  and  phosphorylation/total 
protein  ratios  of  Akt  (A),  mTOR  (B),  and  Fox03  (C)  were  measured  by  Western  blotting 
samples  from  the  gastrocnemius  muscle  of  6  mo  (young)  and  24-27  mo  (old)  C57BL/6  mice 
following  TK-induced  I/R.  Representative  Coomassie-blue  stained  gel  (D)  demonstrates 
consistent  loading  in  all  SDS-PAGE  experiments.  Values  are  represented  as  mean  +  SEM. 
Statistical  analysis  was  performed  using  Student’s  f-tests;  *  p  <  0.05. 
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